A B S T R A C T Removal of insulin-1'3I from plasma was studied in normal and diabetic subjects with both single injection and continuous infusion of isotope techniques. Patients were studied either in the fasting state or during steady-state hyperglycemia produced by a continuous intravenous glucose infusion. Steady-state plasma insulin concentration during these studies ranged from 10 to 264 JuU/ml. Labeled insulin specific activity time curves consisted of more than one exponential, indicating that a multicompartmental system for insulin metabolism exists. A mathematical technique which is applicable to non-first order processes was used to calculate the rate at which insulin was lost irreversibly from the plasma insulin pool. A direct, linear relationship was found between insulin irreversible loss rate and plasma insulin concentration over the range of concentrations studied. This linearity implies lack of saturability of the insulin removal mechanism. Since the plasma insulin pool was in a steady state during these studies, insulin irreversible loss rate was equal to the rate at which newly secreted insulin was being delivered to the general circulation. Therefore, these results indicate that changes in plasma insulin concentration result from parallel 
A B S T R A C T Removal of insulin-1'3I from plasma was studied in normal and diabetic subjects with both single injection and continuous infusion of isotope techniques. Patients were studied either in the fasting state or during steady-state hyperglycemia produced by a continuous intravenous glucose infusion. Steady-state plasma insulin concentration during these studies ranged from 10 to 264 JuU/ml. Labeled insulin specific activity time curves consisted of more than one exponential, indicating that a multicompartmental system for insulin metabolism exists. A mathematical technique which is applicable to non-first order processes was used to calculate the rate at which insulin was lost irreversibly from the plasma insulin pool. A direct, linear relationship was found between insulin irreversible loss rate and plasma insulin concentration over the range of concentrations studied. This linearity implies lack of saturability of the insulin removal mechanism. Since the plasma insulin pool was in a steady state during these studies, insulin irreversible loss rate was equal to the rate at which newly secreted insulin was being delivered to the general circulation. Therefore, these results indicate that changes in plasma insulin concentration result from parallel INTRODUCTION Development of a precise immunoassay for the measurement of plasma insulin concentration (1) has greatly facilitated study of carbohydrate and insulin metabolism. Interpretation of plasma insulin measurements has generally rested on the belief that changes in concentration are direct reflections of parallel changes in pancreatic insulin secretion rate. However, there is little experimental evidence in support of this assumption. Because insulin is secreted into the portal vein, and not into the systemic circulation, determination of pancreatic insulin secretion rate in intact subjects presents formidable difficulties. In contrast, plasma insulin removal rate, which in the steady state is equal to the rate of delivery of insulin into the systemic circulation, can be determined by standard isotopic techniques, and many such studies have been published (2) (3) (4) (5) (6) (7) (8) . Unfortunately these studies suffer from a variety of defects. In some cases (3-7) disappearance of nonspecific proteinprecipitable radioactivity has been followed despite the fact that Berson, Yalow, Bauman, Rothschild, and Newerly (2) , and subsequently others (9, 10) have shown that this technique does not adequately separate intact immunoprecipitable insulin from its labeled degradation products. Fur-thermore, insulin specific activity time curves are curvilinear when graphed on semilog paper (2) (3) (4) (5) (6) (7) indicating that a multicompartmental system exists for insulin degradation. Nevertheless, in none of these studies has insulin (12, 13) in which plasma is reacted with guinea pig anti-insulin antibody and the resultant antigen-antibody complex precipitated with 25% sodium sulfate. This method was modified by omitting the initial acid alcohol extraction and by carrying out the reaction in the presence of excess anti-insulin antibody. Under these conditions, percent recovery of immunoprecipitable radioactivity was greater than 95%o over a wide range of "cold" porcine insulin concentrations (10-1000 /AU/ml). The total immunoprecipitable radioactivity injected in each experiment was determined by applying the above method to aliquots of injected material saved from each experiment. After sufficient time had elapsed for radioactive decay of the trace amounts of exogenous insulin-'I, the endogenous insulin concentration of every sample was determined in triplicate by a modification of the method of Hales and Randle (14) , with insulin-'I and insulinbinding reagent obtained from the Radiochemical Centre, Amersham, England. Since introduction of the labeled insulin resulted in a transient and slight elevation in plasma insulin concentration which died out by 30 min, the steady-state insulin concentration for each experiment was determined from the mean insulin concentration of specimens obtained between 30 and 180 min. Specific activity was calculated by dividing the concentration of immunoprecipitable radioactivity (cpm/ml) in each specimen by the mean concentration of "cold" immunoreactive insulin (uU/ml) for that experiment, providing a figure of cpm/,gU.
Analysis of data
When a radioactive tracer is introduced into a single well-mixed pool at time zero, the decay of specific activity in that pool occurs by a first order process which is described by the equation: SAt = SAoe-1t (1) in which SAt equals the specific activity of the pool at time, t. SAo equals the specific activity of the pool at time zero, and X equals the fractional turnover rate of the pool. When SAt is plotted against time on semilog paper, a straight line is obtained.
However, all of the insulin-'I time curves which we obtained were curvilinear on semilog paper. Fig. 1 shows an example of such a curve obtained on patient R.D. In analyzing curved functions of this type, it is common practice to attribute the early portion of the curve to "mixing" of the radioactive tracer throughout its volume of distribution and the late portion of the curve to its metabolic removal. The late portion of the curve is extrapolated to time zero, and the resulting straight line is then analyzed using equation 1. This type of analysis is suitable, however, only when mixing is rapid relative to metabolic removal. When both of these events proceed at similar rates, a smoothly curvilinear function is obtained which shows no definite break to indicate the point at which mixing is complete and metabolic removal has begun. Under these circumstances, a considerable portion of the labeled material will have left the system before the completion of mixing so that the pool size which is then calculated by the standard isotope dilution method will be overestimated. This error will tend to produce an overestimate of metabolic removal rate. In addition Baker, Shipley, Clark, and Incefy (15) have shown that it is also possible for underestimates of the metabolic removal rate to occur when the extrapolation technique is used. Although it is possible that in a particular instance the two types of errors may balance one another, it is not possible to determine in a given situation whether or not this has, in fact, occurred.
An alternative method for analyzing curvilinear specific activity time curves is available. Curvilinearity results because radioactive material, before its irreversible loss from the pool being sampled, enters one or more other pools which exchange with the sampled pool. These secondary pools, unlabeled at the outset of the experiment, gradually become labeled so that recycling of the radioactive material back into the sampled pool occurs. Thus, only a portion of the material leaving the sampled pool per unit time is lost irreversibly from that pool. The amount of radioactivity lost irreversibly from the sampled pool during a short time interval, dt, is given by: Xiq(t)dt (2) in which q(t) equals the amount of radioactivity in the sampled pool at time, t, and Xi equals the fractional irreversible loss rate from the sampled pool. The sum of all such amounts of radioactivity irreversibly lost eventu- ally equals the total amount of radioactivity introduced into the sampled pool at time zero, so that:
If Q is the amount of unlabeled material in the sampled pool, and if steady-state conditions with respect to unlabeled material exist, so that Q is constant, then: injected dose = XiQ q(t)dt (4) Since q(t)/Q equals SAX:
Go~~~~~~~~~~~~~~~~~~~~~~~~~T J SA tdt is the area under the specific activity time curve plotted on ordinary coordinates and expressed in the appropriate units. This area may be determined by a variety of techniques; the one which we have employed has been planimetry. Since the injected dose is known, equation 5 permits the calculation of XQ, which represents the irreversible loss rate of unlabeled material from the sampled pool. Of critical importance is the fact that irreversible loss rate from the sampled pool can be calculated without a detailed knowledge of the size of any of the pools in the system, including the sampled pool, or their manner of interaction with the sampled pool. It should be made clear that in equation 5 we are applying methods to insulin kinetics analogous to those used by other workers in study of other problems. For example, Tait (16) used a similar formula to calculate "metabolic clearance rate" and "production rate," and Zierler (17) had used a similar formula for calculation of cardiac output. Since we have used methods similar to those Tait applied to production or clearance rates of hormones present in plasma (16), our differing choice of terminology bears some discussion. We have rej ected the term "production rate" because we believe it fails to distinguish clearly between the total pancreatic secretion rate of insulin and the rate of its delivery into the general circulation. The term "production rate in blood" could be used but seems cumbersome. The term "metabolic clearance rate" seemed inadequate on two counts. First, it fails to exclude from consideration that portion of the total insulin secreted which is cleared by the liver before its entry into the general circulation. Second, the term clearance as used by Tait refers to a volume flux, whereas we measure a mass flux. Therefore, we believe the terms "irreversible loss rate from the sampled pool" or "delivery rate into the sampled pool" describe most accurately and in the most general way the rates under consideration. It should be noted that the first use of the term "irreversible loss rate" may be found in reference 15 as applied to glucose kinetics.
Although equation 5 is preferred to equation 1 on theoretical grounds, under certain circumstances, i.e., when mixing of the radioactive tracer throughout its volume distribution is rapid relative to metabolic removal, both types of analyses will give similar results. However, inspection of Fig. 1 (18) . In this method only a minor amount of the potential of this method is used, and the loss rate calculation is in fact made without a need to define the fine structure of the multicompartmental system of insulin kinetics. One proceeds as follows: (a) by inspection of the data ( Fig. 1 as an example) it is apparent that a two or more exponent system, and therefore at least a twopool system, exists. When tested in the computer program (18) a three-pool and a two-pool system were equivalent in goodness of fit, and therefore the simpler two-pool system was used. By curve peeling, slopes and intercepts may be calculated and initial estimates for fractional turnover rates obtained for the two-pool system. Details of such a procedure are more completely outlined in a recent paper by Barrett, Berk, Menken, and Berlin (19) , which has described a two-pool system for bilirubin kinetics in man (19 | SAtdt=SAo(X +2X2) (6) in which Xt, is the fraction of insulin in compartment j that is transferred per minute to compartment i. The notation 1 refers to pool 1, 2 to pool 2, and 0 to the site of removal. (No further definition of these pools is needed when this computer program is used for this comparatively minor task.) We have also calculated irreversible loss rate from the sampled pool from studies in which labeled insulin was infused continuously. These calculations are based on the assumption that, during the isotopic steady state, the irreversible loss rate of radioactivity from the sampled pool is equal to the rate at which radioactivity is being infused. The ratio of irreversible loss rate of labeled insulin to the irreversible loss rate of unlabeled insulin is equal to the ratio of the concentration of the two species of insulin in the sampled pool, i.e., the specific activity of the plasma insulin. Thus: infusion rate of labeled insulin irreversible loss rate of unlabeled insulin = insulin specific activity. (7) Since the infusion rate of labeled insulin is known, and the plasma specific activity of insulin is measured, equation 7 may be used to calculate the irreversible loss rate of unlabeled insulin.
RESULTS
Introduction of insulin-181I produced a transient disturbance in the plasma insulin steady state. This disturbance is relatively less significant in the glucose infusion studies since in these studies the endogenous plasma insulin pool had been greatly expanded and, therefore, the administered insulin represented a considerably smaller fraction of that pool. In the fasting studies, the transient elevations in plasma insulin concentration were largely gone by 30 min and in many cases even earlier. In order to eliminate the effect of this transient elevation on the calculation of irreversible loss rate, we have used as the mean insulin concentration for each study, the mean of the insulin concentrations obtained between 30 and 180 min after the injection of isotope. Table II compares the mean plasma insulin concentration between 30 and 180 min for the fasting studies with the corresponding plasma insulin concentration obtained before the injection of isotope. A paired t test showed that there was no significant difference between the two concentrations at the P = 0.05 level. The average coefficient of variation of the individual concentrations between 30 and 180 min was 28%. Although this variance is admittedly somewhat large, the lack of significant difference between the preinjection level and the postinjection mean indicates that the plasma insulin pool was in a reasonably steady state for most of the duration of each study.
The specific activity by 180 min had in every case declined to less than 10%o, and in most cases to less than 5%o of the specific activity at 2 min. In order to further minimize the error introduced in the estimation of the area under the curve, we have extrapolated each curve beyond 180 min to the point at which it apparently "touches" the horizontal axis. A mately 150 mg/100 ml were associated with insulin delivery rates ranging from 5616 to 23, 332 ,uU/min, and glucose concentrations very close to 200 mg/100 ml were associated with insulin delivery rates ranging from 6278 to 37,818 /AU/min.
Thus, different subjects deliver widely different amounts of insulin to the general circulation in order to maintain similar steady-state plasma glucose concentrations. The data of Figs. 2-5 were obtained from equation 5 with the area obtained by the method of planimetry. Fig. 6 reveals that the data could as well have been plotted with the loss rate calculated by the technique of multicompartmental analysis, since the twrso methods gave almost identical results.
DISCUSSION
Plasma insulin specific activity time curves following single injection of insulin-1311 are highly curvilinear on semilog paper, indicating that insulin does not distribute throughout a single well-mixed pool turning over with a single rate constant. In this paper we have used a technique for determining the rate at which insulin is irreversibly lost from the plasma insulin pool based on the measurement of the area under the specific activity time curve plotted on ordinary coordinates. The mathematical basis of this technique has been presented, and it has been shown that measurement of irreversible loss rate of insulin does not require a knowledge of the number of pools throughout which insulin distributes, nor their manner of interaction. It would appear, therefore, that there is little justification for the use of the extrapolation technique inasmuch as the technique described in this paper is equally simple to apply and does not involve dubious assumptions about the applicability to multicompartmental systems of methods suited only to single compartments.
Although the theoretical basis of the planimetry method is sound, its practical application is subject to error arising principally from the extrapolation of the tail end of the curve and hence, this technique cannot be used indiscriminately. Estimation of irreversible loss rate by the techniques of multicompartmental analysis requires that one assume that there are no components of turnover slower than that revealed by the slowest exponential implicit in the actual data. If there were, an area of undetermined magnitude would be added to the area under the specific activity time curve. Unfortunately, there is no known method of validating this assumption although the longer the time period of data collection the less likely a slow component of turnover may be missed. There was excellent agreement between the planimetry calculations and the computer calculations (Fig.  6 ). This indicates that the extrapolations of the tail end of the curves which were made by eye agreed with the computer estimate of the slowest exponential contained within the data. We also feel that the results of the continuous infusion of isotope studies tend to confirm the planimetry results, although, inasmuch as we have only three of this type of experiment, we do not rest heavily on this point.
Determination of the irreversible loss rate of insulin does not constitute a complete description of the multicompartmental system which must exist for insulin metabolism. Insulin is secreted into the portal circulation, and a significant portion of it is removed by the liver (19) , and thus never enters the plasma compartment. Therefore, knowledge of irreversible loss rate from plasma does not directly provide information about insulin secretion rate or hepatic clearance of insulin. Estimates for these parameters can be arrived at by the study of various models of insulin metabolism with techniques of multicompartmental analysis (18) . Unlike irreversible loss rate, however, these estimates are dependent upon model formulation and require independent experimental verification.
We are currently engaged in efforts to establish a more complete model of insulin metabolism in man.
Although the analyses which we can currently make are somewhat limited, they nonetheless provide useful physiological information. Changes in plasma insulin concentration were associated with corresponding changes in the rate of delivery of newly secreted insulin to the general circulation, and not with changes in the opposite direction of insulin removal. Furthermore, the relationship between concentration and delivery rate was linear over a wide range of insulin concentration. This linearity implies lack of saturability of plasma insulin removal mechanisms, a desirable feature of a control system in which rapid adjustments of plasma concentration are necessary. Finally, these studies reveal that widely different insulin delivery rates may be associated with essentially identical plasma glucose concentrations. In this regard, the response to glucose infusion of patients with normal or nearly normal oral glucose tolerance (W.W., W.G., G.L., F.B., and W.K.) is of particular interest. In such subjects, hepatic glucose output is known to be markedly decreased by glucose infusion (20) , and it is therefore likely that endogenous glucose entry into the circulation during these studies was minimal. Under these circumstances, since plasma glucose concentration was constant, glucose uptake must' have closely approximated the rate of glucose infusion. These five patients attained essentially identical steadystate plasma glucose concentrations (150 mg/100 ml) in response to a continuous glucose infusion of 7 mg/kg of body weight per min (Fig. 5) . Thus, although these patients were disposing of glucose at essentially similarly rates and at comparable levels of plasma glucose concentration, they nevertheless delivered markedly different amounts of insulin to the general circulation. Unless hepatic insulin clearance simultaneously varied in the opposite direction, these results suggest that there are major differences between individuals in the amount of insulin apparently required to establish similar rates of glucose uptake at essentially the same level of plasma glucose concentration.
Although the results of this study imply that it is permissible to interpret plasma insulin concentration as directly reflecting insulin delivery rate, this correlation applies only during steady-state conditions. When a change in delivery rate occurs, a finite period of time must elapse before the total body insulin pool can expand or contract to the new steady-state level. This "lag period" introduces great complexity into the analysis of nonsteady-state insulin concentration curves such as occur during a glucose tolerance test. For example, when insulin delivery is increased in response to a hyperglycemic stimulus, a fall in blood sugar is brought about so that the stimulus to increased insulin delivery is not sustained. Therefore, the maximum insulin concentration which is achieved may well be less than that which would have resulted had the increased delivery rate persisted until a new steady-state insulin concentration had become established. Under these circumstances, the change in insulin concentration does not adequately reflect the change in insulin delivery rate which produced it.
Interpretation of these studies is contingent upon the usual assumptions that the insulin degradation system does not distinguish between the isotopic tracer chosen and the native unlabeled material. In particular, it is required: (a) that labeled insulin be biologically active; 4(b) that loss of the radioactive iodine label from the insulin molecule not occur except when the insulin molecule is itself degraded; and (c) that the rates of degradation of labeled and unlabeled and of human and beef insulin be similar. Recently, Arquilla, Ooms, and Finn (21) have suggested that a significant portion of insulin 125I, even when only lightly iodinated, is biologically inactive in the rat epididymal fat pad assay. However, there is considerable evidence (22, 23) Preserved hormonal function, however, does not rule out the possibility that some more subtle change in the insulin molecule could exist which alters its degradation rate. Direct deiodination of insulin by in vitro systems has not been demonstrated (23, 24) . Furthermore, Tomizawa, Nutley, Narahara, and Williams (24) have shown that when insulin-131I is incubated with rat liver homogenates, loss of trichloracetic acid (TCA) -precipitable radioactivity and of hypoglycemic potency of the incubation mixture proceed at the same rate. Elgee and Williams (25) have shown that preloading with insulin diminished the rate of insulin-131I degradation in vivo, and that the extent of inhibition was the same regardless of whether the preloading was accomplished with labeled or unlabeled insulin, implying that both types of insulin competed equally well for the degradation system. Beck, Roberts, Blanken- baker, and King (26) have shown that the distribution and rates of accumulation of labeled and unlabeled insulin in various organs and subcellular fractions were similar. Finally, Samols and Ryder (27) have shown that hepatic clearance of exogeneously administered beef insulin was similar to the clearance of endogenous human insulin in human subjects. On the basis of these studies, it is reasonable to conclude that deiodination of insulin does not proceed independently of complete degradation of the insulin molecule itself, and that the rates of degradation of lightly iodine-labeled and unlabeled insulin are similar. More evidence regarding possible differences in handling of insulin derived from different species, however, would be desirable.
